A systematic analysis of the linear and nonlinear optical properties of realistic quantum wires is presented. The proposed theoretical approach, based on a set of generalized semiconductor Bloch equations, provides a full three-dimensional multisubband description of carrier-carrier correlation for any profile of the confinement potential, thus allowing a direct comparison with experiments on available structures. In agreement with previous investigations based on simplified one-dimensional models, our analysis shows that, also for realistic quantum-wire structures, electron-hole Coulomb correlation completely removes the one-dimensional bandedge singularities from the linear-absorption spectra. Moreover, we find that this effect is present also at high densities ͑corresponding to gain regimes͒ and contributes significantly in suppressing the ideal sharp features of the free-carrier density of states. The multisubband nature of available state-of-the-art structures is found to play a dominant role in determining the overall spectral shape in the whole density range. ͓S0163-1829͑96͒05123-5͔
I. INTRODUCTION
One-dimensional ͑1D͒ semiconductor structures have received much interest in recent years, and promising advances have been obtained in quantum-wire fabrication and in applications, e.g., to laser devices. 1 The current research aims at achieving structures with improved performance with respect to their three-dimensional ͑3D͒ and two-dimensional ͑2D͒ counterparts, by taking advantage of the 1D singularities that are expected in the density of states and optical spectra on the basis of single-particle band models.
However, it is now well known that excitonic and correlation effects may be very important in low-dimensional semiconductors. 2, 3 For 1D systems, such effects were studied mostly within single-subband one-dimensional models ͑in-cluding electron-hole interaction through modified 1D Coulomb potential͒. 4, 5 Within these models, the band-edge singularity in the 1D density of states ͑DOS͒ is smoothed when excitonic effects are taken into account; moreover, Coulomb correlation is found to reduce the absorption spectrum above the band edge, contrary to the well known results for 2D and 3D systems. 4 The influence of Coulomb correlation on the optical spectra of realistic wires and its implications for device performances has not been fully explored so far. It is, therefore, important to extend the above studies to the wires made available by state-of-the-art technology, which are still far from an ideal 1D nature owing to the size and shape of their confinement potential. Indeed, in V-groove 1, [6] [7] [8] [9] [10] or T-shaped cleaved-edge structures, 11 quasi-one-dimensional confinement has been demonstrated for the lowest level, 1,6-8,10,11 while excited states gradually approach a 2D-like behavior. Also, subband separation is still relatively small in all the available samples, so that coupling between different subbands may be important.
The purpose of the present paper is to introduce a theoretical scheme allowing a full three-dimensional treatment of Coulomb correlation in multisubband nanostructures with realistic geometries, in a wide range of temperatures and carrier densities. Our approach is based on a set of generalized semiconductor Bloch equations, which are solved within the Hartree-Fock approximation and provide the modified optical spectrum for bound and continuum states in the linear and nonlinear regimes. Moreover, the calculations allow us to understand the ingredients that are responsible of such modifications.
Within such scheme, we shall address the key issue, whether electron-hole correlation is still expected to heavily affect the optical spectra of quantum wires when their actual size and shape are taken into account. We shall also discuss in which cases its effects may hinder the possible advantages of the reduced dimensionality in the intervals of temperature and carrier density, which may be relevant for device applications. Apart from its relevance in terms of basic manybody Coulomb theory, the answer to these questions is important for the perspectives of quantum-wire physics and technology.
The paper is organized as follows. In Sec. II, we describe the proposed theoretical approach, we introduce the physical system as well as the kinetic equations, and discuss the in-gredients and the typical quantities obtained as an output of the calculations. Section III presents our numerical results for a typical V-shaped quantum wire: In Sec. III A the singleparticle results are presented, while in Sec. III B the various many-body effects induced by Coulomb correlation are discussed both in the linear and nonlinear regimes. Finally, in Sec. IV we discuss the implications of our results and draw some conclusions.
II. THEORETICAL APPROACH
The physical system under investigation is a gas of carriers confined in a quasi-one-dimensional semiconductor structure. As usual, the total Hamiltonian of the system can be regarded as the sum of two terms: A term describing the single-particle properties, i.e., free carriers plus confinement potential plus carrier-light interaction, and a term describing many-body effects, i.e., Coulomb correlation. As usual, the latter will be treated within some approximation scheme.
A. Single-particle description
Let us consider the gas of noninteracting carriers, electrons (e) and holes (h) confined within the quasi-onedimensional semiconductor structure. The quantum confinement is described in terms of a potential V c e/h , the height of which is dictated by the conduction-valence-band discontinuities.
Since the energy region of interest is relatively close to the wire band gap, we describe the bulk band structure in terms of the usual effective-mass approximation. In addition, since the confinement potential V c e/h is a slowly varying function on the scale of the lattice periodicity, we work within the ''envelope-function approximation.'' By denoting with z the free wire direction, the confinement potential V c e/h is a function of the two confinement directions x and y only; Therefore, the system is still translationally invariant along the wire direction and the z component of the carrier wave vector k z is a ''good'' quantum number. As a consequence, the carrier wave function can be factorized in terms of a plane wave along the free direction, z, times an envelope function (x,y) over the normal plane; the carriers within our wire structure are then described by the following 2D Schrödinger equation:
where m e/h denotes the bulk effective mass for electrons or holes. Here, the set of eigenvalues ⑀ e/h corresponds to the energy levels of the carriers induced by the confinementpotential profile V c e/h ; therefore, the explicit form of the band structure for a carrier in the wire is
For each of the energy levels ⑀ e/h , we thus have a 1D parabolic band, named ''subband'' and characterized by the same bulk effective mass m e/h .
For the ideal case of rectangular wires with infinite potential barriers, the problem can be again factorized along the two confinement directions x and y. 12 On the contrary, for the case of V-shaped, 1, [6] [7] [8] 10 or T-shaped structures, 11 we are forced to consider a truly two-dimensional approach. Our numerical solution of the 2D Schrödinger equation ͑1͒, which is based on a plane-wave expansion with periodic boundary conditions, is described in Appendix A. Such a numerical approach can be easily generalized to the case of an applied magnetic field as described in Ref. 13 .
In terms of the above single-particle representation ͕k z ͖ ͓i.e., the set of 3D eigenfunctions ⌽ k z e/h (r) ϰ e/h (x,y)e ik z z and the corresponding band structure ⑀ k z e/h ͔, the single-particle Hamiltonian, i.e., the Hamiltonian describing the free carriers within our 1D structure interacting with a classical light field, can be written as 
B. Many-body description
The carriers within the quantum wire interact via the Coulomb potential V 0 (r). Due to such interaction, several correlation effects take place. Here, only processes conserving the total number of carriers are considered, thus Auger recombination and impact ionization are neglected. Such processes are known to become important only at very high densities and at energies high up in the band. 14 The many-body Hamiltonian describing carrier-carrier interaction within our k z representation is given by
16 463 LINEAR AND NONLINEAR OPTICAL PROPERTIES OF . . .
͑5͒
where
e/h* ͑ rЈ͒
e/h ͑ rЈ͒⌽ k z 4 4 e/h ͑ r͒ ͑6͒
are the matrix elements of the ''bare'' Coulomb potential V 0 (r) for the generic two-particle transition
We want to stress the full 3D nature of the present approach based on the knowledge of the 3D carrier wave functions ⌽. The explicit evaluation of the above matrix elements for a generic 2D confinementpotential profile V c e/h , i.e., for a generic set of wave functions k z e/h , is described in Appendix B.
The first two terms on the right-hand side of Eq. ͑5͒ describe the repulsive electron-electron and hole-hole interactions, while the third one describes the attractive interaction between electrons and holes. Due to the multisubband nature of our approach, all these three terms describe intrasubband, as well as intersubband interaction processes. 12 The presence of free carriers leads to a two-component screening of the Coulomb potential V 0 . As usual, the screened potential V can be schematically written as
where Ϫ1 denotes the inverse of the dielectric tensor . As for any confined system, we deal with a nondiagonal dielectric tensor. It is not the aim of the present paper to discuss the derivation of the dielectric response of a multisubband 1D system. We will employ the multisubband screening model discussed in Ref. 12.
C. Kinetic equations
Starting from the above ͕k z e/h ͖ representation, we introduce the following kinetic description: We consider as kinetic variables the various distribution functions of electrons and holes ͑intraband density-matrix elements͒,
as well as the corresponding diagonal ( e ϭ h ϭ) polarization fields ͑interband density-matrix elements͒,
͑9͒
Such polarizations p k z describe the phase coherence between electrons in state k z e and holes in state Ϫk z h ; Therefore, they reflect the degree of coherence of our electron-hole system and, more precisely, they are proportional to the 3D exciton wave function in our k z representation:
͑10͒
In particular, starting from the above exciton wave function , we can define a 1D electron-hole correlation function vs the relative free coordinate zϭz e Ϫz h as
The kinetic description introduced in Eqs. ͑8͒ and ͑9͒ is a generalization to 1D systems of a standard approach for the study of bulk semiconductors 3, 15 recently applied also to quantum well structures 16 and superlattices. 17 The time evolution of the above kinetic variables is obtained by applying the standard ''Heisenberg-equation technique'' as described in Refs. 3,15. The total Hamiltonian HϭH sp ϩH mb , the explicit form of which is given in Eqs. ͑3͒ and ͑5͒, induces two different contributions to the dynamics of the system:
The single-particle Hamiltonian H sp in Eq. ͑3͒ leads to the following set of kinetic equations:
is the unperturbed Rabi energy ͑proportional to the applied external field through the optical matrix element͒. Here, the compact notation M k z ϵM k z , has been introduced. The Ϯ sign in Eq. ͑13͒ refers to electrons (e) and holes (h), respectively. The single-particle dynamics is modified by the manybody Hamiltonian H mb of Eq. ͑5͒. The lowest-order contributions of carrier-carrier interaction, i.e., Hartree-Fock terms, result in a renormalization ⌬U ͑called internal field͒ of the Rabi energy U, as well as a renormalization ⌬⑀ of the carrier band structure ⑀:
Here, V eh and V ee/hh denote the matrix elements of the screened Coulomb potential introduced in Eq. ͑7͒ for the electron-hole and for the electron-electron/hole-hole interaction, respectively. As we can see, the repulsive electron-electron ͑ee͒ and hole-hole ͑hh͒ interactions lead to a renormalization of the corresponding bands, while the attractive electron-hole ͑eh͒ interaction gives rise to an internal field that is responsible for excitonic effects. Higher-order contributions in H mb give rise to carrier-carrier scattering processes, 12 which lead to energy relaxation and dephasing. Such incoherent carrier-carrier contributions, as well as the corresponding carrier-phonon ones, are expected to play a minor role for most of the physical conditions studied in this paper and, therefore, they will not be treated explicitly.
Within the above approximation scheme, the full set of kinetic equations ͑12͒ is then given by
where UϭUϩ⌬U and Eϭ⑀ϩ⌬⑀ denote, respectively, the renormalized Rabi energies and subbands. The above set of kinetic equations can be regarded as a generalization to multisubband 1D systems of the well known semiconductor Bloch equations ͑SBE͒ commonly used for the analysis of coherent phenomena in bulk semiconductors.
3,15
D. Quasiequilibrium optical absorption
In this paper, we focus on the quasiequilibrium regime, i.e., we assume that the carrier system is not driven out of equilibrium by the optical excitation. Therefore, Fermi-Dirac f k z e/h are assumed and the solution of the set of SBE ͑16͒
simply reduces to the solution of the polarization equation
where f denotes the Fermi-Dirac distribution function. This is now a linear equation in p k z , the general solution of which can be written in terms of its Green's propagator, i.e., the solution corresponding to a ␦-like laser excitation E 0 (t) ϰ␦(t). The above polarization equation can be solved in two different ways: ͑i͒ Within the so called dynamical approach, 15, 17, 18 the full time evolution of the polarization is obtained by means of a time-step solution of Eq. ͑17͒; ͑ii͒ The second approach consists in finding the stationary solutions of Eq. ͑17͒, i.e., polarization eigenvalues and eigenvectors. In this paper, we employ this last approach, the technical details of which are described in Appendix C.
In order to obtain the optical-absorption spectrum, the total ͑or macroscopic͒ polarization
is then considered. From its Fourier transform
we derive the optical susceptibility
is the Fourier transform of the external laser field. The optical susceptibility () is a complex function; it provides the absorption spectrum as well as the refractiveindex change. In particular, the desired absorption spectrum is proportional to its imaginary part:
␣͑͒ϰIm͓͔͑͒. ͑22͒
We want to stress that within this approach both quantities, i.e., refractive index and absorption spectrum, are independently obtained with no need of applying a Kramers-Kronig transformation. 19 As discussed above, we solve the polarization equation ͑17͒ by numerically computing its stationary solutions, i.e., polarization eigenvalues and eigenvectors. As described in Appendix C, these two ingredients allow us to obtain directly the optical susceptibility () ͑and, therefore, the absorption spectrum͒ avoiding any time-dependent analysis.
III. NUMERICAL RESULTS
In the following, we apply the above theoretical approach to a realistic wire geometry. We consider structures obtained by molecular beam epitaxy overgrowth over V-grooved substrates. 8 The typical 2D confinement-potential profile ͑Fig. 1͒ is defined according to the wire cross section as derived from TEM micrographs. The thickness of the V-shaped region at the apex of the V is about 10 nm. The large rectangle in Fig. 1 ͑about 130ϫ40 nm͒ delimits the periodicity region used in our calculation. The single-particle wave functions discussed below will instead be plotted in the smaller rectangular portion delimited by dashed lines ͑about 70ϫ25 nm͒.
All the results shown in the following refer to typical GaAs-based V wires with Al x Ga 1Ϫx As barriers; the Al x Ga 1Ϫx As composition and all the material parameters are the same as those considered in Ref. 8 : m e ϭ0.067m 0 , m h ϭ0.34m 0 ; V c e ϭ150 meV, V c h ϭ50 meV.
FIG. 1. Typical cross section of V-grooved wires derived from TEM micrographs and used to define the confinement potential V c e/h (x,y) entering the single-particle Schrödinger equation. The frame of the figure ͑about 130ϫ40 nm͒ delimits the 2D periodic cell used in the calculation. The dashed lines identify the smaller rectangular region ͑about 70ϫ25 nm͒, where single-particle and excitonic wave functions will be plotted ͑see Figs. 3, 4, and 6 below͒. The wire width along y at the apex of the V is about 10 nm. 53 16 465 LINEAR AND NONLINEAR OPTICAL PROPERTIES OF . . .
A. Single-particle analysis
The single-particle energy levels for the various wire subbands, as well as their wave functions, are obtained from a numerical solution of the 2D Schrödinger equation, 8 as described in Sec. II A. The results are shown in Fig. 2 in the form of single-particle DOS for electrons ͓Fig. 2͑a͔͒ and holes ͓Fig. 2͑b͔͒. Note the different horizontal scales, which represent excess energies with respect to the bottom of their bulk bands. Figure 2͑c͒ reports the corresponding joint DOS as a function of the optical-transition energy. Figures 3 and 4 show the charge-density contour plots for electrons and holes in their lowest subbands. Here, the stronger hole confinement is apparent and, more important, we notice an increasing charge delocalization with increasing subband index.
We want to stress that, in the present implementation of our method, all the results for holes have been obtained neglecting valence-band mixing ͑VBM͒. While recent calculations, performed for wires with rectangular section of comparable size, clearly indicate that VBM should not be important for the lowest confined states, 20 it is known that it may affect the higher-index eigenstates and the corresponding wave functions ͑hence the selection rules͒. 21, 20 We are currently improving our computational scheme to include VBM, in order to allow a more detailed comparison with experiments in that range. The single-particle states discussed above will be used as basic ingredients for the manybody analysis presented in the following section.
B. Many-body analysis

Linear response: excitonic regime
We now discuss the results for absorption spectra in the linear regime, as obtained according to Sec. II B. The role played by electron-hole correlation is illustrated in Fig. 5 by comparing results that include Coulomb correlation ͑CC͒ with those of the free-carrier ͑FC͒ model ͑solid and dashed lines, respectively͒. All the spectra have been obtained assuming a Gaussian energy broadening of 2 meV. This relatively small broadening ͑as compared to that of realistic wire structures 9 ͒ allows a better identification of the effects of electron-hole correlation.
Let us focus first on Fig. 5͑a͒ ͓Fig. 5͑b͔͒, where only the first ͑second͒ wire subband is included. It appears that electron-hole correlation gives rise to two major effects: ͑i͒ the excitonic peak arises below the onset of the continuum, with a binding energy E b of about 12 meV for the lowest subband and of about 9 meV for the second one. The difference in E b reflects the different wave function delocalization along the V sidewalls ͑see Figs. 3 and 4͒, as will be discussed with more detail below. These excitonic splittings are in excellent agreement with recent magnetoluminescence experiments. 8 ͑ii͒ The shape of the CC spectrum in the continuum region is drastically modified with respect to the FC one. In agreement with previous investigations based on simplified 1D models, 4, 5 we find a strong suppression of the 1D DOS singularity. Figure 5͑c͒ shows spectra obtained by including both ͑first and second͒ subbands. Due to the relatively small intersubband splitting, a significant intersubband coupling is expected. To clarify this effect, in addition to the full CC and FC results, we also report by dash-dotted line the couplingfree CC result ͓i.e., the algebraic sum of the CC spectra of Figs. 5͑a͒ and 5͑b͔͒. The main manifestation of the intersubband coupling is an oscillator-strength transfer toward the low-energy region, which results in a significant increase of the first exciton peak and a corresponding decrease of the second one.
Let us now focus on the excitonic part of the spectrum and, in particular, let us examine the properties of our quasione-dimensional exciton. In order to derive quantitative information on the spatial extension of the various excitons ͑corresponding to the different wire subbands͒, we start by considering their wave function (r e ,r h ) introduced in Eq. ͑10͒. This is in general a function of six coordinates: r e ϭ(x e ,y e ,z e ) and r h ϭ(x h ,y h ,z h ). Through translational invariance along the free wire direction, these reduce to five coordinates, which can be conveniently chosen as xϭx e Ϫx h , Xϭ(x e ϩx h )/2, yϭy e Ϫy h , Y ϭ(y e ϩy h )/2, and zϭz e Ϫz h . By taking zϭ0 and averaging the square of the exciton wave function over the ''macroscopic coordinates'' X and Y , we define an effective exciton correlation function c(x,y) as c͑x,y͒ϭ ͵ dX dY ͉͑x,X;y,Y ;zϭ0͉͒ 2 . ͑23͒
Figures 6͑a͒ and 6͑b͒ show such correlation function c(x,y) ͑logarithmic scale͒ obtained by taking into account, respectively, the first and the second subband only. Note that by definition, c(x,y) is always nonzero and large at the origin ͑self-correlation point: r e Ϫr h ϭ0). Moreover, depending on the symmetry and on the degree of localization of the single-particle wave functions entering Eq. ͑10͒, it may exhibit additional maxima; This is the case of Fig. 6͑b͒ , where the two lateral peaks reflect the correlation between the maxima of the single-particle wave functions localized on the wire ''wings'' ͑see Figs. 3 and 4͒. In Fig. 6͑c͒ , we also show how the ground-state exciton of Fig. 6͑a͒ is modified when the lowest two subbands are both taken into account: The modified symmetry, due to intersubband coupling, leading to the presence of additional lateral maxima, is clearly visible. On the contrary, due to the different logarithmic scales used in these plots, we are not able to appreciate the increase in the spatial extension of the second exciton ͓case (b)͔, with respect to the first one ͓case (a)͔. FIG. 5 . Absorption spectra of the V-shaped wire obtained by including electron-hole Coulomb correlation ͑CC model, solid line͒ or by assuming free carriers ͑FC model, dashed line͒. ͑a͒ Only first subband included; ͑b͒ only second subband included; ͑c͒ both the two lowest subbands are taken into account. For comparison, the algebraic sum of the CC curves of ͑a͒ and ͑b͒ ͑i.e., coupling-free case͒ is reported in ͑c͒ by dash-dotted lines. All spectra were computed assuming a Gaussian energy broadening of 2 meV.
FIG. 6. Correlation function c(x,y)
of the ground-state exciton obtained taking into account ͑a͒ the first subband only, ͑b͒ the second subband only, and ͑c͒ both ͑first plus second͒ subbands. The plotted region is about 70ϫ25 nm and the origin (xϭx e Ϫx h ϭ0, yϭy e Ϫy h ϭ0) is located at the center of the rectangle. A log scale has been used and all panels are rescaled to the same maximum value.
In order to obtain a more quantitative comparison, in Fig.  7 we plot the yϭ0 cross sections of the three correlation functions of Fig. 6 . Now we clearly see an increase of the spatial extension of the second-subband exciton ͓case (b)͔ compared to the first-subband one ͓case (a)͔. Moreover, the intersubband coupling in ͑c͒ leads to a spatial localization of the ground-state exciton with respect to case (a). This is responsible for the enhanced oscillator strength of the corresponding first exciton peak in Fig. 5͑c͒ , with respect to Fig.  5͑a͒ .
Let us now focus on the continuum region of the absorption spectra and, in particular, on the dramatic suppression of the band-edge singularity in the CC results of Fig. 5 . From Eq. ͑C21͒, the absorption coefficient is proportional to the product of the oscillator strength ͑OS͒ times the corresponding excitonic DOS of Eq. ͑C20͒: We, therefore, study these two quantities separately. In Fig. 8 , we compare the DOS obtained within the CC and the FC models ͑solid and dashed lines, respectively͒: The difference is hardly visible and the pronounced peak in the DOS ͑broadened 1D singularity͒ is not reduced by electron-hole correlation. Figure 9͑a͒ shows that the quantity, which is mainly modified by CC, is the OS. Here, the ratio between the CC and FC OS is plotted as a function of excess energy with respect to the band edge ͑solid line͒. In agreement with previous results for simplified 1D models, 4 such a ratio is always smaller than 1 and vanishes at the band edge. Such vanishing behavior is found to dominate the 1D DOS singularity and, as a result, the absorption spectrum at the band edge exhibits the regular behavior of Fig. 5͑a͒ ͑solid line͒. The dashed line in Fig. 9͑a͒ is the resulting ratio between the CC and FC absorption, commonly named Sommerfeld factor ͑SF͒. As a consequence of the OS behavior, the SF turns out to be less than unity over this energy region.
This behavior is opposite to the known results for 2D and 3D cases, where a SF value greater than unity has been usually ascribed to the attractive electron-hole interaction. It is, therefore, interesting to elucidate the origin of such behavior in our case. To this purpose, we recall that for the case of a single subband the oscillator strength of Eq. ͑C23͒ coincides with the value at zϭ0 of the correlation function g(z) defined in Eq. ͑11͒, i.e., the probability of finding the electron and hole at the same place ͑corresponding to the square of the exciton wave function in a 1D model 4 
͒.
In Fig. 9͑b͒, we plot g(z) for three different values of the excess energy. Note that its values at zϭ0 correspond to the values of the OS ratio at the same energies ͓Fig. 9͑a͒ solid line͔. Moreover, an ''electron-hole correlation hole'' is clearly visible, the spatial extension of which strongly increases when approaching the band edge. Therefore, our analysis of the electron-hole correlation function g(z) confirms that the vanishing behavior of the OS in Fig. 9͑a͒ reflects a sort of electron-hole ''effective repulsion. '' To summarize this section, we can conclude that also for our realistic quantum-wire geometries electron-hole correlation leads to a strong suppression of the 1D band-edge singularity in the linear-absorption spectrum. This is definitely due to the strong reduction of oscillator strength which, in turn, originates from an ''effective electron-hole repulsion'' typical of 1D systems.
Nonlinear response: gain regime
The results discussed so far were all obtained within the linear-response regime, i.e., in the limit of very low carrier densities. However, most of the potential quantum-wire applications, i.e., 1D lasers and modulators, operate in strongly nonlinear regimes. 1 In general, for such conditions additional aspects become important: screening effects, band renormalization, and phase-space filling. Since all these effects are already accounted for in the formulation of our generalized SBE ͑Sec. II B͒, our approach can be directly applied also to g(zϭ0) is the probability of finding the electron and hole at the same place and gives directly the oscillator strength for the corresponding excess energy.
the high-carrier-density regime. We believe this is an important advantage of the present theoretical approach.
In the following, we show the first quantitative analysis of nonlinear absorption spectra of realistic V-shaped wire structures for different carrier densities at room temperature. The screening model used in the calculation is described in Ref.
12.
Once more, we start by analyzing the simplified case of a single subband: In Fig. 10 , only the lowest wire subband is included ͓as in Fig. 5͑a͔͒ ; The free-carrier ͓Fig. 10͑a͔͒ and Coulomb-correlated spectra ͓Fig. 10͑b͔͒ are separately shown for different carrier densities.
In the CC case, we clearly recognize the exciton peak in the low-density limit ͑case A: nϭ10 4 cm Ϫ1 ). With increasing carrier density, the strength of the excitonic absorption decreases, due to phase-space filling and screening of the attractive electron-hole interaction, and moreover the band renormalization leads to a redshift of the continuum. Above the Mott density ͑here about 8ϫ10 5 cm Ϫ1 ), the exciton completely disappears. At a density of 4ϫ10 6 cm Ϫ1 ͑case D) the spectrum already exhibits a negative region corresponding to stimulated emission, i.e., the gain regime.
As for the case of the linear-response regime, let us discuss first the excitonic properties. Figure 11 shows the correlation function g(z) corresponding to the ground-state exciton for the four densities of Fig. 10 . In the low-density limit ͑case A, solid line͒, we see the typical correlation function of an attractive electron-hole pair in its ground state. With increasing carrier density, we approach the Mott transition: After an initial delocalization, which reflects the electron-electron and hole-hole screening of the attractive electron-hole interaction ͑case B), the ground-state exciton level enters the continuum and the electron-hole localization around zϭ0 tends to vanish ͑case C). This is due, in addition to the screening, also to the Pauli factor (1Ϫ f e Ϫ f h ) in Eq. ͑C6͒, which for such carrier density tends to vanish. A further increase in the density leads to the gain regime: The Pauli factor becomes negative and, as a consequence, the attractive electron-hole interaction transforms into a repulsive one. In such conditions we have a fully continuum energy spectrum, the ground state of which is characterized by a very small oscillator strength. The corresponding correlation function ͑case D without diamonds͒ shows a typical repulsion hole around zϭ0, where its value is strongly reduced with respect to that of A, B, and C ͑note that curve D has been magnified by a factor 5ϫ10 5 in Fig. 11͒ . In order to better understand the role played by the Pauli factor, we have also reported in Fig. 11 the result D obtained neglecting the Pauli factor ͑curve marked with diamonds͒. In this case, the electron-hole interaction is screened but still attractive, thus resulting in a correlation function g(z) similar to that of cases A -C.
Let us now focus on the continuum region of the spectra in Fig. 10͑b͒ . By comparison with Fig. 10͑a͒ , we notice that the typical shape of the band-edge singularity in the ideal FC gain spectrum is strongly modified by electron-hole correlation. The reason is again understood by analyzing the Paulifree oscillator strength ͑PFOS͒ ͑Ref. 22͒ plotted in Fig. 12͑a͒ for the same carrier densities of Fig. 10͑a͒ together with ͑a͒ Ratio between CC and FC Pauli-free oscillator strength ͑PFOS͒ ͑Ref. 22͒ corresponding to the absorption spectra of Fig. 10 . Here, for the case D ͑gain regime͒, the result obtained neglecting the Pauli factor in Eq. ͑C6͒ ͑curve marked with diamonds͒ is also shown ͑see text͒. ͑b͒ Electron-hole correlation functions g(z) corresponding to the CC spectra of Fig. 10͑b͒ for an excess energy of 2 meV. Again, g(zϭ0) is the probability of finding the electron and hole at the same place and reflects the Paulifree oscillator strength corresponding to this excess energy ͓see Fig.  12͑a͔͒ .
corresponding correlation functions g(z) reported in Fig.  12͑b͒ . Also, for relatively high carrier densities ͑cases C and D), the OS corresponding to the CC model goes to zero at the band edge as previously seen in the low-density limit ͓Fig. 9͑a͔͒. As a consequence, the FC peak is strongly suppressed and only its high-energy tail survives. The overall result is a broader and less pronounced gain region in the CC case as compared with the FC one.
From a detailed analysis of Fig. 12͑a͒ , we see a qualitatively different behavior of the OS in the gain regime ͑case D) as compared to the low-density result ͑case A). By considering the corresponding result obtained neglecting the Pauli factor ͑curve marked with diamonds͒, we clearly see that this transition in the OS shape is mainly ascribed to the attractive → repulsive transition induced by the Pauli factor. This is also confirmed from the corresponding correlation functions g(z) reported in Fig. 12͑b͒ . As for the linearabsorption regime ͓Fig. 9͑b͔͒, the correlation functions ͑all corresponding to an excess energy of 2 meV͒ exhibit a sort of ''hole'' around zϭ0. This is well extended in the lowdensity limit ͑case A), it decreases with increasing carrier densities ͑cases B and C), and, finally, in the gain regime ͑case D) it is again well pronounced reflecting the attractive nature of the electron-hole interaction induced by the Pauli factor in Eq. ͑C6͒.
Our analysis of the CC spectra seems also to indicate a small redshift of the band gap with increasing carrier density, as previously found for the case of 3D and 2D systems. 3, 23 However, we consider this result very preliminary: a more refined screening model ͑including nondiagonal terms of the dielectric tensor 12 ͒ is required to confirm it and to provide a more detailed analysis of band-gap renormalization.
Finally, Fig. 13 shows the full nonlinear spectra for our realistic V-shaped wire, with the 12 lowest subbands included. For the present wire geometry, the multisubband nature is found to play an important role in modifying the typical shape of the gain spectra, which for both the FC ͓Fig.
13͑a͔͒ and the CC model ͓Fig. 13͑b͔͒ extend over a much larger range than in the single-subband case ͑Fig. 10͒. The intersubband-coupling effects and the Coulomb-induced suppression of the 1D singularities both contribute together to the smearing of the structures in the high-carrier-density absorption spectra and in the gain profile.
Our analysis indicates that, for the typical structure considered here ͑where we have assumed negligible disorder and scattering-induced broadening͒, the shape of the absorption spectra over the whole density range greatly differs from the sharp 1D spectrum predicted by any free-carrier model.
IV. SUMMARY AND CONCLUSIONS
We have presented a theoretical analysis of the linear and nonlinear optical properties of realistic quantum wires. Our approach is based on a numerical solution of the semiconductor Bloch equations describing the multisubband 1D system. In spite of its accuracy, the method is very flexible and allows us to study realistic wires of arbitrary geometry. We have applied such approach to a typical V-shaped structure, the parameters of which reflect the current state-of-the-art in the quantum-wire fabrication.
The role of electron-hole Coulomb correlation has been discussed by a systematic comparison with the corresponding free-carrier spectra at various carrier concentrations. In addition to the strong excitonic features typical of the lowdensity limit, we have found, in general, a suppression of the 1D band-edge singularities, which has been ascribed to a strong reduction of oscillator strength, originating in turn from an ''effective electron-hole repulsion'' typical of 1D quantum confinement.
In the high-density regime, the realistic multisubband wire spectrum shows an extended gain region with relatively broad structures. By comparing the nonlinear multisubband absorption spectra with ideal single-subband spectra, we can conclude that the large gain region is mainly due to the small intersubband splitting compared to the single-subband gain range. This confirms that, in order to obtain sharp gain profiles, one of the basic steps in quantum-wire technology is to produce structures with increased subband splitting.
Finally, we notice that the disorder-induced inhomogeneous broadening, not considered here, is known to increase significantly the spectral broadening 9 and this effect is expected to increase with increasing subband splitting. Therefore, small but extremely high-quality structures ͑i.e., singlemonolayer control͒ seem to be the only possible candidates for successful quantum-wire applications. 
͑A4͒
Here, ⍀ϭL x L y denotes the 2D volume, while T l ϭប 2 (k x 2 ϩk y 2 )/(2m e/h ) is the kinetic energy corresponding to the plane-wave state l. The carrier energy levels, i.e., the eigenvalues ⑀ and the corresponding eigenfunctions ͑in terms of the eigenvectors c l ) are obtained by direct diagonalization of the single-particle Hamiltonian matrix H ll Ј . This approach can be easily generalized to the case of an applied magnetic field as described in Ref. 13 .
For the V-shaped wires considered in this paper, we have used a set of about 2000 plane waves within a periodicity box of about 130ϫ40 nm ͑see Fig. 1͒ . This allows us to obtain, with high accuracy ͑better than 1%͒, the first twelve electron and hole energy levels ͑see Fig. 2͒ used as ingredients for the solution of the SBE. However, for a detailed analysis of high-energy states ͑close to the 3D continuum͒, convergence problems may arise for two reasons: first, the number of plane waves could be inadequate, and second, a fictitious interwire coupling due to the finite dimensions of our periodicity box may play some role. By increasing the number of plane waves and the size of the box, we have checked that this is definitely not the case for the ''close-togap'' energy region discussed in this paper.
APPENDIX B: EVALUATION OF THE COULOMB MATRIX ELEMENTS
In order to evaluate the Coulomb matrix elements introduced in Eq. ͑6͒, we start by replacing the potential V 0 by its 3D Fourier expansion:
.
͑B1͒
After this substitution, we obtain e/h ͑ rЈ͒.
͑B2͒
This leads to a factorization of the two space coordinates r and rЈ, therefore suggesting the introduction of the following form factors: 
͑B6͒
The remaining 2D integral over the xy plane can be easily rewritten in terms of the plane-wave representation discussed in Appendix A. More specifically, by replacing the 2D eigenfunctions with their plane-wave expansion given in Eq. ͑A2͒ and using the orthonormality of the plane waves over the 2D periodicity region, we obtain F k z ,k z ЈЈ;q ϭ␦͑k z ЈϪk z ϩq z ͒ ͚ n x n y ,n x Ј ,n y Ј c n x n y * c n x Ј ,n y Ј ϫ␦͑k x ЈϪk x ϩq x ͒␦͑ k y ЈϪk y ϩq y ͒.
͑B7͒
Therefore, for any shape of the confinement potential, starting from the numerically computed eigenvectors c n x n y , we are able to obtain the various form factors F which, in turn, allow us to numerically compute the desired Coulomb matrix elements.
